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Summary
The level of automation and control necessary to support
advanced life support systems for use in the manned space
program is steadily increasing. As the length and com-
plexity of manned missions increase, life support systems
must be able to meet new space challenges. Longer, more
complex missions create new demands for increased
automation, improved sensors, and improved control
systems. It is imperative that research in these key areas
keep pace with current and future developments in
regenerative life support technology. This paper provides
an overview of past and present research in the areas of
sensor development, automation, and control of life
support systems for the manned space program, and it
discusses the impact continued research in several key
areas will have on the feasibility, operation, and design of
future life support systems.
Introduction
In the past, life support systems incorporated relatively
simple process technologies, and were not concerned with
the regeneration of waste products. Control of these life
support systems was primarily carried out in an open-loop
fashion, relying on manual adjustments of valves and
switches. Consequently, there was little need for continu-
ous measurement of the process, and little need for
advanced sensor technology.
More recently there has been increasing interest in longer
missions, which will require more complex, regenerative
life support systems. The operation and maintenance of
these larger, more complex systems will require an
excessive amount of crew time unless automated systems
can be developed to assist the crew with functions such as
monitoring, control, system "health" maintenance, and
fault diagnosis. Supervisory controllers will be needed to
handle the added complexity and size of these systems,
and more advanced sensor technologies will be needed to
enable the functioning of autonomous health maintenance,
and control systems. Process control algorithms will need
to be developed which will be robust enough to handle all
the problems associated with regenerative life support
systems, including those systems that incorporate biore-
generative technologies. Fortunately, the availability of
powerful small computers makes the development of
autonomous systems feasible.
At present, progress is being made in several areas,
including system modeling, sensor development,
knowledge-based systems design, and testbed develop-
ment. Testbed studies at the subprocess level tend to
operate with a limited number of sensors and minimal
amount of feedback control. However, if integrated
testbed studies are to provide the quantity, quality, and
type of data and range of controlled operatingconditions
needed for model validation, control system design, and
expert system design, then a higher level of monitoring
and control will be needed. Other issues such as control
architecture, commonality of software and hardware, and
fault-free software generation will become increasingly
important as regenerative life support projects move
forward in the development cycle.
Control Architectures
It is important that the control architecture for life support
systems be defined as early as possible in the design cycle
in order to establish a framework for automation and
control. It is also important to develop a generic approach
to automation and control of life support systems in order
to simplify these functions and to facilitate the common-
ality of hardware and software. Although it may not be
possible to adopt a completely generic approach to
automation and control at all levels in the system hierar-
chy, especially at the lower levels where algorithms will
need to be process specific, it would be advantageous to
develop generic architectures for automation and control
at all system levels, as well as to develop generic
algorithms at higher levels in the system hierarchy.
A considerable amount of effort has already been given to
defining, developing, and demonstrating these generic
approaches. For example, Honeywell (Block, 1987) has
demonstrated a generic approach to automation and
control based on a hierarchical system structure with a
distributed control architecture at the lower System levels.
They have developed a conceptual design for Space
Station Environmental Control and Life Support System
(ECLSS) automation and control, and have demonstrated
their ideas by monitoring and controlling a representative
ECLSS air revitalization system (oxygen generation using
a Static Feed Electrolyzer, carbon dioxide concentration
using an Electrochemical Carbon Dioxide Depolarizer,
and carbon dioxide reduction using a Sabatier Carbon
Dioxide Reduction Subsystem). Their Automated Subsys-
tem Control for Life Support System (ASCLSS) demon-
strator, sponsored by the Johnson Space Center, includes
individual simulators for each air revitalization process
(implemented on a personal computer), and a user
interface for crew supervisory control. They have devel-
oped a layered software architecture, which consists of
four layers: (1) the operating system (1750A Assembly
Language), (2) the system control software (Pascal),
O) the Input/Output data base, and (4) the process control
application software (Pascal). Their conceptual design
was demonstrated using the actual air revitalization
hardware after having first been demonstrated using the
three process simulators. The simulation software, process
control hardware, and air revitalization hardware was
provided by Life Systems.
The University of Alabama in Huntsville, in its report to
Marshall Space Flight Center (Lukefahr et al., 1989), also
advocates the implementation of a hierarchical control
system architecture. The report suggests a four-tier struc-
ture, where the four tiers are defined as (1) the system-
level controller, (2) the ECLSS manager, (3) the element-
level controller, and (4) the rack-level controller. The
system-level controller would be responsible for station-
level functions, including the integration of systems,
elements, and payloads, it would handle inter-element
functions, performance and trend analysis, system Fault
Detection, Isolation, and Recovery (FDIR), and would
interface with the station-level operations management
system. The ECLSS manager would coordinate the
activities of all the ECLSS subsystems across all pressur-
ized modules. Its functions would include monitoring,
control, and FDIR. The element-level controller would
coordinate and control ECLSS functions across rack
boundaries, and would monitor and control ECLSS sub-
system health and report status to the ECLSS manager. Its
responsibilities would include command and control,
FDIR, manual over rides, and displays. The rack-level
controller would monitor and control ECLSS functions
within each rack.
Advanced Automation
The development of advanced automation techniques for
ECLSS systems will be an important step because ECLSS
operation and problem analysis are very time-consuming
for crew members (Bishop and Bochm, 1989;
Schwartzkopf, 1991). Producing intelligent systems to
monitor, control, and diagnose ECLSS systems will be a
great technological challenge because of the complexity
and highly interactive nature of these systems. Also, the
benefits, such as saved crew time and increased safety and
reliability, of these autonomous systems must be traded
against the extra resources required to install and operate
these systems.
To develop these autonomous systems, intelligent control
systems must be designed, which will be robust enough to
autonomously respond to unexpected situations. Further-
more, automatic FDIR systems and health maintenance
systems must be developed to provide failure prediction
and prevention. Issues such as resource scheduling,
system redundancy, and diagnosibility must also be
addressed. To date, little has been done in the area of
advanced control algorithm development for integrated
ECLSS systems; however, other areas of advanced
automation have been more heavily pursued. For example,
expert systems for system health maintenance and fault
diagnosis are already being developed for a Mars oxygen
production system (Huang et al., 1988).
Boeing's Advanced Automation Project (Boeing, 1990;
Dewberry, 1990; Thornton et al., 1991) addresses several
aspects of advanced automation, mostly concerned with
software tools and techniques for fault diagnosis. The
project's main objectives are to demonstrate FDIR for the
potable and hygiene water recovery and for the carbon
dioxide reduction and removal, as well as for the control,
diagnosis, and trend analysis at the ECLSS system level.
Boeing's project focuses on the regenerative water recov-
ery and air revitalization subsystems of Marshall Space
Hight Center's Core Module Simulator. The authors have
modeled the potable and hygiene recovery subsystems
and are performing testbed integration, and plan to model
the air revitalization subsystem and to incorporate results
from the Jet Propulsion Lab on intelligent process
monitoring (Voecks and Seshan, 1991). Five packages are
under development in support of this project. They are:
1. the Common Model Interface, which coordinates the
diagnostic and reasoning packages;
2. the Console Interface, which uses NASA's TAE-plus
toolset to conform to the Space Station Workstation
Interface;
3. Associational Diagnosis, which uses Boeing's
AQUINAS product and NASA's DART product;
4. Model-based Diagnosis, which is prototyped using
Gensym's G2 and implemented with NASA's KATE; and
5. Data Acquisition.
Other software that is also being used for this project
includes ART/Ada and CLIPS for associational reasoning,
and Erasmus for distributed blackboard operations.
Johnson Space Center has developed a pre-prototype
expert system, the Shuttle Leak Management Expert
System (SLMES), which aids in the selection of flight
procedures to handle anomalies such as overboard
leakage, onboard leakage, and contamination of the cabin
atmosphere (Lafuse, 1991). SLMES integrates rule-based
expert system technology with traditional FORTRAN-
based software to assist the ECLSS analyst or Subsystem
Manager with the analysis of subsystemanomalies.
Physical/Chemical Life Support System
Control
Control of physical/chemical regenerative life support
systems has yet to be fully explored in the context of
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long-durationSpaceExplorationI itiativemissions.
These missions are likely to involve smaller buffers,
longer operating times, and increased system closure
compared with those of earlier missions. This means
tighter control will be needed to meet the requirements for
these closed-loop life support systems. Control systems
will need to be robust in order to compensate for such
things as sensor drift, disturbances to the system, and
changes in the system performance, and will also need to
demonstrate adequate fault tolerance in order to guarantee
crew safety.
Currently, these physical/chemical systems are primarily
being tested in an open-loop fashion at a subsystem level
(Chang, Craig, and Rousseau, 1986; Coiling and Hultman,
1980; Ellis, Wynveen, and Schubert, 1979; Grigger and
Schubert, 1988; Heppner, Dahlhausen, and Klimas, 1982;
Heppner, Hailick, and Schubert, 1980; Heppner, Hallick,
and Schubert, 1977; Heppner, Wynveen, and Schubert,
1977; Kleiner and Birbara, 1981; Koszenski, Schubert,
and Burke, 1983; Kovach and Zdankiewicz, 1987;
Mallinak, 1987; Noyes, 1985; Rowe, Morando, and
Johnson, 1991; Schubert, Wynveen, and Hallick, 1976;
Tester et al., 1986; Zdankiewicz and Schubert, 1984).
Hence, the nature of the underlying system-level control
problem is not yet well defined. However, the develop-
ment of closed-loop testbeds is underway, and it is hoped
that these testbeds will allow researchers to evaluate
system control needs and to investigate the use of
advanced control algorithms for system-level control.
Control systems for future physlcal/chemical life support
systems are likely to contain a relatively advanced
system-level controller, which oversees and gives instruc-
tions to conventional controllers, which control the indi-
vidual processors and other system components. The
development of closed-loop testbeds will be necessary to
facilitate the development of advanced system-level
controllers. These controllers are likely to incorporate
both expert systems and modem control techniques (e.g.,
adaptive control (Ferla and Marchis, 1983; Marchis and
Nervegna, 1984), robust control, neural networks, etc.).
Unfortunately, little work has been done to date in the
application of modern control techniques to closed life
support systems; however, this may become an important
issue in the development of reliable, automatic control
systems for future regenerative life support systems.
Controlled Ecological Life Support System
(CELSS) Control
The addition of biological elements to a regenerative life
support system will result in some new complications,
such as nonlinearities and uncertainties in the dynamic
behavior of the biological species, in order to reduce the
level of uncertainty in our understanding of these dynam-
ics and to validate existing models (Averner, 1981;
Blackwell and Biackwell, 1989; Blackwell, 1991), care-
fully designed experiments are needed. These experiments
need to be conducted in a closed, controlled environment,
and a large number of accurate process measurements
must be made. Plant growth experiments are being
conducted in a number of places, including many of the
NASA centers; however, very few plant growth studies
satisfy both of the above criteria. Other control problems
in a CELSS system may also arise, such as complications
in the system behavior because of closed-loop interac-
tions, long time delays, and limited storage capacities.
Because classical control theories cannot be easily applied
to these complex, poorly-understood systems, new
approaches must be taken to design robust control
schemes for these systems. For example, approaches
based on statistical methods are often applied to control of
"poorly defined" systems. One such statistical method,
sensitivity analysis, has been suggested for control of a
CELSS (Hornberger and Rastetter, 1982; Auslander et al.,
1983; Stahr et al., 1982; Babcock, 1986; Babcock et al.,
1984; Young, 1982). Sensitivity analysis methods can
theoretically be applied to CELSS in order to design con-
trollers that have a high probability of adequate perfor-
mance under a specified set of uncertainties in the process
parameters. Performance is generally required to be a
binary measure, such as survival/non-survival in the case
of CELSS. The best control parameters can then be -
chosen from a set of possible control parameters for a
given control structure using Monte-Carlo simulation
techniques.
Control problems associated with closed ecological life
support systems become increasingly more difficult when
entire ecosystems are considered. For example, the design
of a control system for MELISSA (Micro-Ecological Life
System Alternative), a project jointly undertaken by the
European Space Agency and five independent organiza-
tions (CNRS at Gif sur Yvette, Matra Space Branch,
University of Clermont Ferrand, University of Ghent, and
SCK/CEN at M01), will be very challenging. To be
successful, MELISSA needs to integrate four microbio-
logical compartments with the crew chamber to form a
safe, reliable life support system (Lasseur and Binot,
1991). By necessity, fault management systems, redun-
dancy, and automatic calibration technologies are being
developed for MELISSA so that continuous, long-term
operation of the system will be possible.
Sensor Development
In the past, sensor needs were limited because monitoring
involved little more than measuring fluid temperatures,
pressures, and flowrates using relatively simple devices.
The increased interest in longer missions will impose
added requirements for new and better sensors. These
longer missions will require sensors with high reliability
and low maintenance requirements, as well as low mass,
power, and volume requirements. In addition, there will
be a need for detailed air and water composition monitor-
ing because of the potential build-up of contaminants in a
closed system over long periods. These measurements
will need to be continuous, real-time measurements, and
will need to be automated to minimize the need for crew
intervention. Fault detection, isolation, and recovery will
also become increasingly important, thus increasing the
demand for both multifunctional sensors and smart
sensors.
In addition to monitoring of fluid temperatures, pressures,
and flewrates, there will be a need for monitoring of the
air composition (major constituents, trace contaminants,
particulates, etc.) and water quality (Total Organic
Carbon, or TOC, conductivity, turbidity, pH, iodine
concentration, microbial content, etc.), as well as for
monitoring for safety reasons such as gas leak detection,
fire detection, etc. The future addition of crop growth
units will stimulate thc need for yet anothcr set of sensors
and instrumentation to measure new quantities (nutrient
solution parameters, lighting paramctcrs, crop growth
measurements, etc.). Many efforts are underway to
evaluate these new monitoring needs, and to identify and
develop new sensors and instrumentation that will meet
these future needs (Diamant et al., 1991; McDonnell
Douglas Space Systems Company, 1990; Voecks and
Seshan, 1991). In particular, progress in the area of water
quality monitoring has been especially well documented
(Burchfield et al., 1991; Godec et al., 1991; Highsmith
ct al., 1991; Jcffers and Jolly, 1991; Jolly and Jcffers,
1991; Niu et al., 1990; Schlager ct al., 1976; Schweickart
et al., 1991; and Vincze and Sauer, 1990).
In a report prepared by McDonnell Douglas Space Sys-
tents Company for Marshall Space Flight Center (1990),
results of a life support system technology trade and
instrumentation survey are presented. The study involves
a technology trade of potential physical/chemical proces-
sors for six life support functions. The trade off study is
based primarily on technical merit. The report lists the
recommended instrumentation for support of thc selected
air revitalization and water recovery technologies, and it
contains a wealth of information, including information
on sensors and monitored parameters for past, present,
and future spacecraft, and a list of sensors currently in use
with some of the air revitalization and water recovery
technologies. More information is available from the
McDonnell Douglas ECLSS technology database and
computer database of sensor technologies, which were
developed using commercial database software. The study
is further documented in a paper by Diamant et al. (1990)
in which important issues associated with instrumentation
technology development for the Space Exploration
Initiative are discussed.
The Diamant et al. (1990) study also discusses the advan-
tages and disadvantages of various air and water monitor-
ing technologies that will be considered for use aboard
Space Station Freedom. Space Station Freedom water
quality monitoring will likely include on-line monitoring
of pH, TOC, conductivity, turbidity, and iodine concen-
tration, as well as off-line monitoring of chemical and
microbial composition. Both TOC and microbial monitor-
ing were identified as needing further development.
Current TOC monitoring technology has several problems
associated with it, including measurement inaccuracies,
slow sampling times (>15 min), and use of expendable
chemical oxidizing agents. Ultrasound and UV absorption
were suggested as possible candidates for future TOC
monitoring. Ultrasound uses a simpler gas separation
design and does not require expendable oxidizing agents,
and may also be useful in the area of trace contaminant
control. Fluorescence spectroscopy and biosensors were
identified as candidates for microbial monitoring. Fluo-
rescence spectroscopy has limited sensitivity, but can
potentially be automated, while biosensors are likely to
provide highly sensitive, real-time measurements, but may
have limited lifetimes because of sensor instabilities.
Atmospheric monitoring in the past has primarily
involved measurement of the major atmospheric con-
stituents: oxygen, nitrogen, carbon dioxide, and water.
However, plans for Space Station Freedom include the
use of a combined Gas Chromatograph/Mass Spectrome-
ter (GC/MS) to measure trace contaminants, a separate
MS to measure major constituents, a carbon dioxide
monitor, a particle counter, and off-line measurement of
airborne microorganisms (Heppner et al., 1990; Diamant
et al., 1991). The paper by Diamant et al. (1990) identifies
a need for further development of technologies for moni-
toring of trace contaminants, particulates, and major
constituents, as well as for detecting fire and gas leaks. In
the area of trace contaminant control, several technologies
are targeted for development and/or improvement. The
GC/MS is capable of monitoring a multitude of trace
contaminants, but suffers from slow response times
(z.30 rain) and high weight and power requirements. The
GC/MS needs to be redesigned to detect a wider range of
contaminants. The use of a tandem mass spectrometer
(MS/MS), which can achieve faster analysis times and
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greateraccuracythan a conventional MS, would poten-
tially allow the detection of additional compounds. These
additional compounds could alternatively be detected
using other monitors (GC/MS), but would require the use
of additional detectors. Fiber optics is another technology
that shows great promise, offering improved sensitivity,
precision, and reliability. Particulate monitoring instru-
mentation is currently well developed, but its size needs to
be reduced for future space applications. Major con-
stituent monitoring is another technology area in need of
improvement. The MS, in conjunction with a separate
carbon monoxide monitor, is targeted for use aboard
Space Station Freedom to monitor the major atmospheric
constituents. Other alternatives for major constituent
monitoring include Fourier Transform Infrared (FTIR)
Spectroscopy, which is safe, fast, and reliable, and
multigas sensors, such as the nonaqueous electrolyte-
based amperometric sensor, which is small, lightweight,
uses very little power, and has high selectivity, fast
response times, and the potential for a long operating-life
(Venkatasetty, 1988; Venkatasetty, 1990). One final area
identified for further development was the use of acoustic
emission detection for gas-leak detection.
The development and implementation of smart sensors
will result in a significant improvement in life support
monitoring systems. These sensors combine the sensing
device, electronics, data processing, and data analysis to
speed up control processes and reduce computer loads.
Their use of microprocessors allows these systems to
analyze combined data received from multiple physical
and chemical measurements taken from an array of
sensors. These sensor arrays can be placed on a single
chip, and can be used for built-in redundancy and self-
diagnostics, resulting in increased system reliability.
The addition of plant components to the life support
system to create a CELSS will result in a new set of
monitoring requirementsl Tabaeeo and Quan (1991)
discuss the development of fiber optic sensors, which are
suitable for on-line monitoring of atmospheric contami-
nants and nutrient solution parameters associated with
these plant components. The use of fabricated porous
glass and porous polymer optical fibers results in a
smaller, simpler sensor with improved sensitivity. In addi-
tion, interfaces have been developed for these sensors that
allow multi-sensor and/or distributed operation. Nishi
et al. (1987) discuss the development of a mass spec-
trometer and computer system for gas monitoring in a
CELSS. Their investigation included hamster metabolism
and Spirulina photosynthesis, but did not include any
plant components.
Conclusions
Defining control architectures and developing generic
approaches to automation and control for life support
systems are both important steps in designing automatic
control systems. It is important to establish a framework
for automation and control and to facilitate the commonal-
ity of hardware and software. Also, it is important to
develop advanced automation techniques for advanced
life support systems, because operation and problem
analysis of these complex, highly interactive systems can
be very time consuming for crew members. The develop-
ment of autonomous systems requires designing intelli-
gent control systems robust enough to autonomously
respond to unexpected situations. Also, automatic FDIR
systems and health maintenance systems must be devel-
oped to provide failure prediction and prevention, and
issues such as resource scheduling, system redundancy,
and diagnosibility must be addressed.
To date, research in advanced control algorithm develop-
ment for integrated life support systems has been limited,
while other areas of advanced automation have been more
heavily pursued. Unfortunately, the system-level control
problem is not yet well defined because physical/chemical
systems are primarily being tested at the subsystem level
in an open-loop fashion. However, it is likely that the
development of advanced control algorithms will be a
technological challenge because future missions are likely
to involve smaller buffers, longer operating times, and
increased system closure compared with the requirements
of earlier missions. This means that tighter, more robust
control will be needed to meet the strict operational
requirements for future life support systems. Currently,
the development of closed-loop testbeds is underway, and
it is hoped that these testbeds will allow researchers to
evaluate system control needs as well as investigate the
use of advanced control algorithms for these systems.
Regenerative life support systems that incorporate
biological components will encounter some new compli-
cations, such as increased complexity in the system
behavior because of nonlinearities and uncertainties in the
dynamic behavior of the biological species, in addition to
complications because of closed-loop interactions, long
time delays, and limited storage capacities. New
approaches may be needed to design robust control
schemes for these systems, because classical control
theories may not be applicable to these complex, poorly
understood systems, in addition, carefully designed
experiments will be needed to validate existing models
and to reduce the level of uncertainty in our understanding
of the dynamics of these systems.
Theincreasedinterestinlongermissionsi likelyto result
in a need for new and improved sensors with high
reliability and low maintenance requirements, as well as
low mass, power, and volume requirements. Sensor needs
were limited in the past, because monitoring involved
little more than measuring fluid temperatures, pressures,
and fiowrates using relatively simple devices. However,
future missions will require detailed air and water compo-
sition monitoring because of the potential for build-up of
contaminants in a closed system over long periods. Also,
these missions will require the development of sensors
that produce continuous, real-time measurements, and the
development of automated process monitoring systems in
order to minimize the need for crew intervention.
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